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ANALYSIS OF MICROCYSTINS LR, YR, AND RR IN BIOLOGICAL FLUIDS 
BY 2D-LC TECHNOLOGY 
 
 
BEATRIZ JAEL RENNER (GARCIA-BARBOZA) 
 
ABSTRACT 
Algae “super blooms” are a commonly encountered environmental issue in 
fresh and brackish water that occurs due to the buildup of cyanobacteria. Many 
of the commonly encountered cyanobacteria such as Mycrocystis aeruginosa (M. 
aeruginosa) produce potent cyanotoxins (microcystins) that pose serious health 
threats and even death to local wild life and humans. Microcystin contaminated 
fresh-water that empties into the ocean has been shown to lethally affect marine 
life in the area of contamination. Human consumption of tainted sea life and other 
routes of mycrocystin exposure can lead to serious liver damage and even death. 
Thus, a method was developed for forensic postmortem analysis of microcystins 
RR, LR and YR by Two-Dimensional (2D) Liquid Chromatography (LC) - tandem 
Mass Spectrometry (MS/MS). 
A final 2D LC-MS/MS method was selected from 6x6 automated method 
development experiments. Each microcystin were subjected to a total of 36 
methods, which were completed over an 18hr period. The extraction process was 
performed using a reverse-phase sorbent (Oasis HLB, Waters Corporation, 
Milford, MA) with a 3cc solid phase extraction (SPE) barrel using sequential 
elution.  From acetonitrile (ACN) and methanol (MeOH) stock solutions, 10 µL of 
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the internal standard (IS) Nodularin was added to the final extract. The concept 
of sequential micro extraction was designed to capture the retention behaviour of 
the target analyte in response to various extraction parameters (sorbent strength, 
elution polarity, and solubility).  Therefore, optimized conditions were selected to 
excise the region of interest during extraction.  The elution solvents chosen for 
the microcystins were acetonitrile, methanol and acetone with 10 % sequential 
increments.  Since microcystins exhibit a zwitterionic structure, three sets of 
elution solutions were created to evaluate their elution profile (pH 3, pH 7, pH 
10). 
 When the elution profile for low pH and high pH are compared, microcystin 
RR was eluted over the 40% to 70% methanol fractions under low pH conditions 
with a slight shift towards higher organic % (50%-70% fractions) under high pH. 
This elution behaviour suggests that the basic moieties of the structure 
demonstrate a stronger retention for the stationary phase.  Microcystin LR and 
YR however, eluted at a higher organic solvent percentage under low pH 
conditions and at a lower organic solvent percentage under high pH conditions, 
indicates that the acidic moieties of the structures have stronger retention.  The 
urine sample gave recovery values for all three microcystins in the 80-90% 
range, as to be expected with type of complexity associated with biological 
samples. The sequential extraction protocol produced an extraction method that 
delivered a clean extract after a 30 min workflow using a single and optimized 2D 
LC-MS/MS method.  The total analytical run time was set at 10 minutes. 
vii 
TABLE OF CONTENTS 
TITLE PAGE i 
COPYRIGHT PAGE                 ii 
 
READER APPROVAL PAGE               iii 
 
ACKNOWLEDGMENTS iv 
ABSTRACT v 
LIST OF TABLES ix 
LIST OF FIGURES x 
LIST OF ABBREVIATIONS xii 
1. INTRODUCTION 1 
1.1 Microcystins 1 
1.2 Multidimensional Liquid Chromatography 4 
1.2.1 Sample Preparation Efficiency 6 
2. MATERIALS AND METHODS 9 
2.1 Chemicals and Reagents 9 
2.2.1 Working Solutions and Sample Preparation 9 
2.2 UPLC MS/MS Conditions 10 
2.3 At Column Dilution 2D-LC 12 
2.4 LC Workflow Method Optimization 14 
2.5 Three-Dimensional (3D) Heart-Cut Extraction Workflow 15 
2.6 Method Validation 16 
viii 
3. RESULTS AND DISCUSSION 22 
3.1 Method Optimization Results 22 
3.2 Solvent Conditions and Solubility Results 26 
3.3 Heart-Cut Extraction Results 30 
3.3.1 Water, Urine and Plasma Extractions 31 
5. CONCLUSIONS 36 
5.1 Future Directions 37 
APPENDIX A:  Method Optimization Results 38 
APPENDIX B: Solubility Charts 40 
APPENDIX C: Calibration Curve Data 43 
LIST OF JOURNAL ABBREVIATIONS 52 
BIBLIOGRAPHY 53 
CURRICULUM VITAE 57 
 
ix 
LIST OF TABLES 
Table 1. SWOT Analysis of Comprehensive LC x LC (16).  5 
Table 2. MRM Transitions, CID and Cone Voltage Values for MCs and IS. 12 
Table 3. Summary of Varying Parameters for 2D Method Optimization 14 
Table 4. Spiking Solutions Volumes and Final Concentrations for Calibration 
Curves 17 
Table 5. Final Tabulation of Method Scores 25 
Table 6. Serial SPE for Acetonitrile, Methanol and Acetone 31 
Table A1. Final Tabulation of LC Method Optimization Results 39 
Table C1. Elution Solvent Calibrators and % Deviations 49 
Table C2. Extracted Water Calibrators and % Deviations 50 
Table C3. Extracted Urine Calibrators and % Deviations 51 
 
x 
LIST OF FIGURES 
Figure 1. Structure of MC-LR 2 
Figure 2. ACD Achieved by Combination of Two Flow Streams (17). 7 
Figure 3.  Aqueous vs. Organic (Acetone) Extract Injections with (and without) 
ACD 2D-LC in Reverse-Phase Mode 8 
Figure 4. Chromatography set up in 2D mode with at column dilution 13 
Figure 5. Reverse Phase SPE Workflow 16 
Figure 6. Elution Solvent Calibration Curve for MC-LR 19 
Figure 7. Extracted Water Calibration Curve for MC-LR 20 
Figure 8. Extracted Urine Calibration Curve for MC-LR 21 
Figure 9. Representative Peak Shape and Chromatography Designations 24 
Figure 10. Comparison of Injected 5 ppb Standards 27 
Figure 11. Effect of organic % (v/v) on the concentration of dissolved microcystin-
LR determined by HPLC-PDA analysis (21) 27 
Figure 12. Organic Solvent Composition vs. Area Count 29 
Figure 13. Chromatograms of Urine, Plasma and Water Extracts 33 
Figure 14. Chromatograms of PPT Plasma Extracts 35 
Figure A1. Method Permutations Varying pH, Polarity and Trap Column 
Chemistries 38 
Figure B1. Organic Solvent Composition vs. Area Count 41 
Figure B2. Organic Solvent Composition vs. Area Count 42 
Figure C1. Elution Solvent Calibration Curve for MC-RR 43 
Figure C2. Elution Solvent Calibration Curve for MC-YR 44 
xi 
Figure C3. Water Extracted Calibration Curve for MC-RR 45 
Figure C4. Extracted Water Calibration Curve for MC-YR 46 
Figure C5. Extracted Urine Calibration Curve for MC-RR 47 
Figure C6. Extracted Urine Calibration Curve for MC-YR 48 
 
xii 
LIST OF ABBREVIATIONS 
1D    One-dimensional  
2D    Two-dimensional  
ACD    At column dilution  
ACN    Acetonitrile  
CID    Collision-induced dissociation  
CyanoHABs   Harmful cyanobacteria blooms  
D1    Dimension 1 or first dimension  
D2    Dimension 2 or second dimension  
ES    Elution solvent  
ESI+    Positive electrospray ionization  
HABs    Harmful algal blooms  
IS    Internal standard  
LC    Liquid chromatography   
LOD   Limit of detection  
LOQ    Limit of quantification  
M. aeruginosa  Mycrocystis aeruginosa  
MC    Microcystins  
MeOH   Methanol  
MRM    Multiple reaction monitoring  
MS/MS   Tandem mass spectrometry  
NSB    Non-specific binding  
xiii 
PPT    Protein precipitation  
PRD    Primary resolving dimension  
SPE    Solid phase extraction  
SWOT   Strengths, weaknesses, opportunities and threats  
WHO   World Health Organization  
 
 
 1 
1. INTRODUCTION 
1.1 Microcystins  
 Blue-green harmful algal blooms (HABs) or harmful cyanobacteria blooms 
(CyanoHABs) are composed of photosynthetic prokaryotes that are found in both 
freshwater aquatic environments as well as brackish-water areas (1-4). HABs 
have become an increasing concern environmentally, as well as in their impact to 
human and aquatic animal health (2, 5). Several of these cyanobacterial species 
produce secondary bioactive metabolites (cyanotoxins) that are highly toxic to 
aquatic and human life (2-4, 6-9). Mycrocystis aeruginosa (M. aeruginosa) is 
commonly found amongst the cyanobacteria present in HABs and it produces 
toxins known as microcystins (MC). Microcystins are cyclic peptides categorized 
as hepatotoxins, primarily causing damage to the liver when exposure occurs 
(10).  
 There are over 100 different variants of known MCs ranging between 900-
1100 Da in molecular weight (1, 5). The nomenclature of mycrocystins is 
characterized by a two-letter suffix, which correlates to the amino acids present 
at the highly variable positions 2 and 4 (5). Accordingly, MC-LR contains a 
leucine residue at position 2 and an arginine residue at position 4 (Figure 1.1.1) 
(5, 11). MC-LR stands as the most studied microcystin to date, and as such the 
World Health Organization (WHO) has set the provisional guideline value of MC-
LR in drinking water at 1 µg/L (12). However, no value has been set for any other 
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MC variants (5). Other MC variants that commonly occur and are found in the 
environment include MC-RR and MC-YR, thus the MCs targeted in this research 
are MC-LR, MC-RR and MC-RR. 
 
Figure 1. Structure of MC-LR. Other possible amino acid variants shown at positions 2 
(green) and 4 (blue). (11)  
 
1.1.1 Environmental and Human Health Issue 
HABs typically (but not exclusively) tend to flourish under aquatic 
environmental conditions where there are high nutrient (eutrophic) loads, low 
turbidity, warm temperatures and sunlight (7, 9, 10). While cyanobacteria are 
typically freshwater bacteria, some species such as M. aeruginosa are tolerant of 
saltwater conditions to a certain degree, thus allowing MCs to be present in both 
fresh and saline water systems (3, 7, 13, 14). Due to the increasing impact of 
climate change on water temperatures and the nutrient enrichment of freshwater 
systems from agriculture and aquatic industrial activities, HABs have now 
become a globally persistent health risk (2, 3, 13, 14). As the rate of incidence of 
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HABs increases, surmounting evidence of MC contamination into both fresh and 
salt-water environments has surfaced. 
 There are several instances that document the extensive reach of MC 
toxin contamination, from shellfish to large mammals such as sea otters and 
dolphins.  The state of California has been affected in its marine receiving waters 
particularly in the Monterrey Bay area (3, 7, 8). Back in 2007, 11 dead and/or 
dying sea otters were discovered along the Monterrey Bay coast. Upton testing, it 
was determined that the otters suffered from acute liver failure. Commonly 
expected culprits were ruled out, however the otters tested positive for MC 
intoxication via LC-MS/MS (8). More recently (2013-2017), MCs were detected in 
estuarine bottlenose dolphin livers residing downstream from the upper basin of 
St. John’s River in Jacksonville, FL. HABs are known to frequently occur in the 
upper basin of St. John’s River, thus exposing the bottlenose dolphin habitat to 
MC toxins (6). These are just a few examples of the magnitude of MC toxin 
contamination in the United States, however MCs are now a worldwide problem 
(9). 
While HABs outbreaks may have started as an environmental problem, 
the degree to which it has and continues to progress indicates that it has become 
a human health issue. There are several modes of exposure to MC toxins 
including recreational activities in contaminated fresh and/or brackish waters, 
consumption of tainted seafood or drinking water, and direct exposure to 
dialysate produced with contaminated water. In Brazil, 52 patient deaths were 
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confirmed to have been exposed to lethal levels of hepatotoxic microcystins 
through MC-contaminated dialysate (9). Patients displayed visual disturbances, 
nausea and vomiting, progressing to acute liver failure and death (9). Thus, it is 
imperative that MCs be analyzed not only in surface or drinking water, but in 
biological fluids and tissue as well. Analysis of MCs in biological fluids is helpful 
to identify exposure in postmortem cases, however it may also serve as a tool for 
monitoring levels of MCs in individuals that are often exposed to these toxins.  
1.2 Multidimensional Liquid Chromatography  
 Multidimensional liquid chromatography technology is rapidly becoming a 
sought after technique as it offers two (2D) or more resolving dimensions which 
can achieve much higher peak capacities than one dimensional (1D) LC can, 
even with stationary phase particles of <2µm. 2D-LC has been utilized in the 
analysis of complex matrices such as biological fluids in order to mitigate some of 
the drawbacks conventional 1D-LC suffers from, including long sample 
preparation and analysis times (15).   
There are a few main techniques associated with 2D-LC: comprehensive, 
heart-cutting and trap elute. In comprehensive 2D (LC x LC), the entire effluent 
from the first dimension is then transferred onto the second dimension, whereas 
with heart-cut 2D (LC-LC) only one peak or one specific part of the 
chromatogram from the first dimension is transferred onto the second dimension. 
Both techniques have advantages and drawbacks, as Pirok et al. outlines in 
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strengths, weaknesses, opportunities and threats (SWOT) analyses of both 
techniques (Table 1, SWOT analysis of LC x LC only) (16).  
Table 1. SWOT Analysis of Comprehensive LC x LC (16).  
 
Moreover, trap and elute is another 2D-LC technique where the first 
dimension serves as a “trap” column and the analyte(s) of interest are loaded 
onto this dimension to then be eluted with a different mobile phase onto a second 
dimension or analytical column (17). Trapping the analyte(s) of interest onto the 
first dimension allows for enrichment of the sample thus avoiding possible 
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reduced sensitivity. Additionally, it can dissipate the phase-system incompatibility 
issues and reduce long analysis times, all possible weaknesses associated with 
comprehensive LC x LC (Table 1). 
 A few of the weaknesses associated with 2D-LC in general include that it 
is too complex, too difficult and time consuming. While this can be true, 
depending on the chosen 2D-LC set up, the trap and elute methodology with 
ACD that was chosen has shown ease of use, rapid method development, and 
the only instrument additions necessary are additional pumps (17-19).  
1.2.1 Sample Preparation Efficiency 
 
 Sample preparation is another area in which 2D-LC can greatly differ from 
1D. One particular advantage of trap and elute 2D-LC with ACD is that the 
technique is not limited to injection of aqueous extracts only when performing 
reverse-phase chromatography. Most of the current analytical LC-MS/MS 
applications such as forensic toxicology, food analysis, environmental analysis, 
pharmaceutical analysis, and other bio-analytical industries rely upon reverse-
phase chromatography.  The trap and elute with ACD design in which an added 
diluting pump can vary the composition of the diluting ratio by modifying flow 
rates (Figure 2), can achieve injections of up to 100% organic extracts directly 
from SPE without evaporation (17).  
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Figure 2. ACD Achieved by Combination of Two Flow Streams (17). 
The results are sample preparation times of 30mins - 1hr vs. the several 
hours typically needed in 1D-LC to process complex matrices such as biological 
fluids. Additionally, the chromatography retains Gaussian peak shapes with both 
aqueous and organic extract injections in reverse-phase mode (Figure 3) that 
which is not possible when performing typical 1D-LC with reverse phase 
chromatography. The reason being that an injection of a 100% organic extract in 
reverse-phase mode would reduce the retention factor resulting in possible lack 
of retention of the analyte(s) or “break-through” and peak distortion. Moreover, 
larger injection volumes are tolerated due to the dilution factor and the first “trap” 
dimension preventing mass and volume overload. Therefore, by utilizing trap and 
elute 2D-LC with ACD hours of sample preparation time are saved and 
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evaporative and reconstitution losses are avoided since there are no evaporation 
and reconstitution steps during sample preparation. 
 
Figure 3.  Aqueous vs. Organic (Acetone) Extract Injections with (and without) 
ACD 2D-LC in Reverse-Phase Mode (17, 20). A: Aqueous standard (std) injection with 
ACD off. B: Aqueous standard std injection with ACD on. C: Organic (acetonitrile) std injection 
with ACD off. D: Acetonitrile std with ACD on.  
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2. MATERIALS AND METHODS 
2.1 Chemicals and Reagents 
MC-LR (100 µg), MC-RR (50 µg), MC-YR (25 µg) and nodularin (100 µg) 
all of 95% purity, were purchased from Enzo Life Sciences (Farmingdale, NY, 
USA). Acetone, acetonitrile and methanol (LC-MS grade) were purchased Fisher 
Scientific (Pittsburg, PA, USA). Water was obtained from a Milli-Q water 
purification system (Burlington, MA, USA). Formic acid (≥ 98% reagent grade) 
was purchased from Sigma-Aldrich (St. Louis, MO, USA) and ammonium 
hydroxide (28-30% reagent grade) was purchased from Honeywell (Morris 
Plains, NJ, USA). SPE cartridges used were Oasis HLB 3cc from Waters 
Corporation (Milford, MA, USA). 
2.2.1 Working Solutions and Sample Preparation 
The MC standards were each dissolved in the vial they were received with 
both acetonitrile and methanol (two sets were made) by adding 1 mL of the 
organic solvent to the each one of the vials respectively. Thus the MC standard 
solutions had concentrations of 100 µg/mL for nodularin, 100 µg/mL for MC-LR, 
50 µg/mL for MC-RR and 25 µg/mL for MC-YR. Working stock solutions of IS 
nodularin and a MC-mix were made at a concentration of 1 ppm each (in 100% 
acetonitrile and 100% methanol separately). The MC-mix working stock solution 
was made by adding 10 µL of the MC-LR standard solution, 20 µL of the MC-RR 
standard solution and 40 µL of the MC-YR to 930 µL of methanol (and 
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acetonitrile separately). The working stock solution of nodularin was made by 
adding 10 µL to 990 µL of methanol (and acetonitrile separately). The 1 ppm mc-
mix stock was used to spike (50 µL) into 10 mL of 100% water, acetonitrile and 
methanol respectively to achieve 5 ppb for LC method development as well as 
for extraction standards (SPE). Stock solutions of 1 ppm in a 50/50 water/ACN 
solution were made for each MC separately to be used for multiple reaction 
monitoring (MRM) transition determination. This was done by adding 10 µL of the 
MC-LR standard solution to 990 µL of the 50/50 water/ACN solution, 20 µL of the 
MC-RR standard solution to 980 µL of 50/50 water/ACN and 40 µL of the MC-YR 
standard solution to 960 µL of 50/50 water/ACN separately. This process was 
repeated with the addition formic acid and ammonium hydroxide (20 µL each, 
separately), to obtain 1 ppm stocks at pH 3 and pH 10 respectively.  
2.2 UPLC MS/MS Conditions 
A Xevo TQS tandem quadrupole mass spectrometer (Waters Corporation 
was utilized for all analysis of MCs in standard solutions, urine and plasma. The 
working parameters were set as follows: ESI+ ionization mode, capillary voltage 
3.0 kV, cone voltage 60.0 V Source temperature 150 °C, desolvation temperature 
550 °C, desolvation gas 1100 L/hr, cone gas 50 L/hr. The analytical (2.1 x 50 
mm) and guard (2.1 x 5 mm) columns used are both ACQUITY UPLC BEH C18 
with a 1.7 µm particle size (Waters Corporation). The trap columns utilized were 
XBridge® C8 (Waters Corporation) and C18 (Waters Corporation) Direct Connect 
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HP, 2.1 x 30 mm with a 10 µm particle size and an Oasis® HLB (Waters 
Corporation) Direct Connect HP, 2.1 x 30 mm with a particle size of 20 µm. 
An ACQUITY UPLC system (Waters Corporation with a 3-pump 
configuration for trap and elute at column dilution was utilized. The analytical 
column temperature was set at 60 °C. The ACD was done with a 95:5 dilution 
ratio, with a 0.1 mL/min loader pump flow rate and a 2.0 mL/min diluter pump 
flow rate. The loader and dilutor mobile phases were aqueous with additives to 
adjust pH to 3 (2% formic acid) and 10 (2% ammonium hydroxide). No additive 
was used for pH 7. The elution mobile phase A was aqueous with additives to 
adjust pH to 3 (0.5% formic acid) or 10 (0.5% ammonium hydroxide). The elution 
mobile phase B was composed of an organic solvent (acetonitrile or methanol) 
with additives to adjust pH to 3 (0.5% formic acid) or 10 (0.5% ammonium 
hydroxide). The runtime was set at 10 min with a 250 µL injection volume and a 5 
min linear gradient of 5% to 95% mobile phase B starting at minute 3 with a 0.5 
mL/min eluting pump flow rate.   
MRM transitions for each MC and IS nodularin were obtained under 
positive electrospray ionization (ESI+) mode from 1 ppm stocks of each at pH 
values of 3, 7 and 10. An MS scan was acquired for each MC sample where the 
precursor or parent ion was identified. The cone voltage was varied at this point 
in order to obtain the best signal intensity. The collision-induced dissociation 
(CID) energy was then varied under MS/MS from 5V to 50V. Fragmentation 
patterns were recorded and analyzed to choose the best product ions and 
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ascertain the optimum CID energy. Two MRM transitions were chosen for each 
MC. Table 2 summarizes the results obtained for the MRM transitions, CID and 
cone voltage values.   
Table 2. MRM Transitions, CID and Cone Voltage Values for MCs and IS. 
 
2.3 At Column Dilution 2D-LC  
Analysis of MCs by at column dilution 2D-LC technology has been 
successfully performed on bottle, tap and surface water (19).  However, this 
approach had not been optimized for analysis of MCs in complex biological 
matrices such as urine and plasma. While the chromatography and extraction 
methods were newly developed for this application, the hardware configuration 
for the at column dilution set up remained the same. The hardware configuration 
for at column dilution 2D-LC begins with an injector loop (on valve 1) to which the 
isocratic mode loader pump is connected. The isocratic mode dilutor pump then 
meets the flow at a mixer that is prior to the second valve (valve 2). The first 
dimension (D1), in this case a trap column is connected onto valve 2, as is the 
elution pump. The flow then leaves valve 2 towards the second dimension (D2), 
which is the primary resolving dimension (PRD), and then finally onto the MS 
(Figure 4).     
Toxin MW (g/mol) Cone (V) Parent (m/z) Quant. Product Ion (m/z) CID
Qual. Product 
Ion (m/z) CID 
Microcystin LR 955.19 60 995.9 135.1 65 86.1 55
Microcystin RR 1038.20 30 520.0 135.1 25 70.1 50
Microcystin YR 1045.20 60 1045.9 135.1 60 70.1 80
Nodularin (IS) 824.98 60 825.7 135.1 50 70.1 65
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Valve 1 and Valve 2 are interconnected and are time-triggered to switch 
positions as needed. Thus once the sample is injected and loaded onto the loop, 
the loader pump carries the sample and is met by the flow of the dilutor pump at 
the mixer. The valves begin in position 1, where the flow from the mixers goes 
onto valve 2, through the trap column (D1) and to waste (Figure 4, red arrows). 
At minute 3, the valves go into position 2 allowing the elution pump to then pump 
through the trap column (D1) onto the analytical column (D2) and finally to the 
MS (Figure 4, green arrows). It is important to note that the diluting ratio is set to 
95:5, therefore by the time the injected sample reaches the trap column (D1) it 
will only contain 5% of the original solvent composition (i.e. organic solvent) and 
therefore preventing any breakthrough from happening in the analytical column 
(D2). 
 
        
Figure 4. Chromatography set up in 2D mode with at column dilution (20). ACD = At 
Column Dilution; D1 = Dimension 1; D2 = Dimension 2; MS = Mass Spectrometer  
D2
D1
Injector
Loop
MS
Waste
Mixer
Elution
Pump
Dilutor
Pump
ACD
Loader
Pump
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2.4 LC Workflow Method Optimization 
In order to find the best LC method for all three MCs, 6x6 variant method 
optimization experiments were performed. The parameters included three 
different trap column chemistries: C8, C18 and HLB. Three different pH values (3, 
7, 10) were evaluated for the aqueous loading/diluting mobile phase. Additionally, 
two different organic solvents (methanol and acetonitrile) were evaluated at two 
different pH values resulting in 36 method permutations (Table 3). 
Table 3. Summary of Varying Parameters for 2D Method Optimization. FA = formic 
acid, NH4OH = ammonium hydroxide 
 
A 1 ppm MeOH working stock solution (MC-mix) containing MC-LR, MC-
YR and MC-RR was spiked at 5 ppb into 100% ACN, 100% MeOH, and 100% 
water. Each vial containing 2 mL of each 5 ppb MC-mix was spiked with 10 µL of 
a 1 ppm MeOH stock solution of internal standard nodularin. Each 5 ppb MC-mix 
solution was injected in triplicate for each one of the 36 method permutations. 
The chromatograms were then inspected for peak shape and intensity in order to 
select the best LC method for all three MCs.  
Loading  
pH Condition 
Loading  
Chemistries 
Eluting  
Chemistries 
Eluting  
Organic & pH Condition 
pH 3 
(2% FA) 
 
pH 7 
(no additive) 
 
pH 10 
(2% NH4OH) 
Polymer (20 µm) 
(high retention) 
 
Si-C18 (10 µm) 
(intermediate 
  retention) 
 
Si-C8 (10 µm) 
(low retention) 
C18 (1.7 µm) 
 
 
Low pH mobile phase 
(0.5 % FA, pH 3.2) 
 
Hi pH mobile phase 
(0.5 % NH4OH, pH 10) 
 
 
Elution Strength 
Methanol, Acetonitrile 
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2.5 Three-Dimensional (3D) Heart-Cut Extraction Workflow 
Once an optimized LC method was chosen, SPE optimization experiments 
were performed in order to pinpoint conditions that would yield maximum 
recovery while minimizing the elution of interferences along with the MCs. A 
sequential extraction protocol was utilized in order to elucidate the behavior of 
the MCs in response to varying elution polarity, solubility, and pH (Figure 5). This 
was done with acetonitrile, methanol and acetone at pH values of 3, 7, and 10. 
For each sequential extraction one Oasis HLB 3cc SPE cartridge was used. A 2 
mL aliquot of a 5 ppb water standard solution was loaded onto the cartridge, and 
collected. This cartridge was then subjected to 10% increments of an organic 
solvent solution in water at a certain pH until 100% organic solvent was reached. 
Each solution passed through the cartridge was collected for analysis. Each 
fraction collected was transferred into a 2 mL vial and spiked with 10 µL of IS. 
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Figure 5. Reverse Phase SPE Workflow.  
2.6 Method Validation  
Once an extraction protocol was determined calibration curves over three 
orders of magnitude (0.01 ppb – 10 ppb) were performed in order to determine 
the validity of the method as well as limits of detection (LOD) and quantification 
(LOQ). One standard (non-extracted) calibration curve was done in the elution 
solvent (ES) of 70 % v/v methanol 30 % v/v water at pH 10 (Figure 6, Appendix C 
Figures 1-2). Additionally, two extracted calibration curves were performed, a 
water extraction (Figure 7, Appendix C Figures 3-4) and a urine extraction 
1- 10	%	ACN
2- 20	%	ACN
3- 30	%	ACN
4- 40	%	ACN
5- 50	%	ACN
6- 60	%	ACN
7- 70	%	ACN
8- 80	%	ACN
9- 90	%	ACN
10- 100	%	ACN
All	elution	with
2%	FA
Repeat
with	MeOH
1- 10	%	ACN
2- 20	%	ACN
3- 30	%	ACN
4- 40	%	ACN
5- 50	%	ACN
6- 60	%	ACN
7- 70	%	ACN
8- 80	%	ACN
9- 90	%	ACN
10- 100	%	ACN
All	elution	with	
2%	NH4OH
Repeat
with	MeOH
Step	1
Load	2	mL Water
Spike	@1	ppb
Step	2
Collect	Load
Step 3
Sequential
Elution
Step 4
Sequential
Elution
SPE 1 SPE 2
5	ppb	
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(Figure 8, Appendix C Figures 5-6). Each calibrator injection was done in 
triplicate. 
  The calibration standard solutions were made by first preparing four 
spiking solutions in order to spike 10 different concentrations for each curve. For 
each spiking solution 1 mL of methanol was spiked with the corresponding 
volume of a 1 ppm MC-mix stock solution (in 100 % methanol), to obtain 1 mL of 
0.1 ppm, 0.01 ppm and 0.001 ppm spiking solutions each (in 100 % methanol). 
Each spiking solution was then utilized to spike 10 mL of elution solvent 
standard, water and urine separately, to obtain 10 different concentrations. Table 
4 summarizes volumes and concentrations utilized during this process. 
Table 4. Spiking Solutions Volumes and Final Concentrations for Calibration 
Curves. 
 
 The elution solvent calibration curve yielded LOD and LOQ values 10 ppt 
(0.01 ppb) according to the calibration curve values. All three MCs were detected 
and quantified successfully at the lowest concentration of 10 ppt with Gaussian 
Spiking Solution 
Concentration 
Spiking Solution 
Volume
Calibrator Final 
Concentration 
100 uL 10 ppb
1 ppm 50 uL 5 ppb
20 uL 2 ppb
100 uL 1 ppb
0.1 ppm 50 uL 0.5 ppb
20 uL 0.2 ppb
100 uL 100 ppt
0.01 ppm 50 uL 50 ppt
20 uL 20 ppt
0.001 ppm 100 uL 10 ppt
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peak shapes and a well above 10:1 signal to noise ratio, indicating that the LOD 
may be even <10 ppt. All calibrator points passed for the ES calibration curve 
with avg. % deviations <10 %. However, this was obtained from a direct spike of 
MC-mix standards and no extraction. Moreover, the extracted water calibration 
curve yielded of 10 ppt for all MCs, however the limit of quantification differed 
amongst the MCs. For MC-RR the LOQ is 10 ppt, for MC-YR the LOQ is 50 ppt 
and MC-LR the LOQ is 100 ppt, as lower calibrators did not pass (Avg. % 
deviation >15%). Furthermore, the extracted urine calibration curve yielded LOD 
values of 20, 50 and 100 ppt for MC-YR, MC-LR and MC-YR respectively.  As 
well as a LOQ value of 100 ppt for all MCs since all calibrators below 100 ppt did 
not pass (Avg. % deviation >15%). LOD values were determined by signal to 
noise ratio of 3:1. LOQ values were determined by the lowest qualifying 
calibrator. The tabulated data for each MC in each calibration curve with % 
deviation values can be found in Appendix C (Tables 1-3). 
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Figure 6. Elution Solvent Calibration Curve for MC-LR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9994. IS = Nodularin 
Compound name: microcystin LR
Coefficient of Determination: R^2 = 0.999411 
Calibration curve: -0.00105036 * x^ 2 + 0.0477564 * x + 0.000120057
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure 7. Extracted Water Calibration Curve for MC-LR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9983. IS = Nodularin 
 
Compound name: microcystin LR
Coefficient of Determination: R^2 = 0.998315 
Calibration curve: -9.08876e-005 * x^ 2 + 0.0404702 * x + 0.000394061
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
Conc
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Figure 8. Extracted Urine Calibration Curve for MC-LR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9987. 
 
 
 
 
 
Compound name: microcystin LR
Coefficient of Determination: R^2 = 0.998754 
Calibration curve: -21.0496 * x^ 2 + 18953.1 * x + 1520.27
Response type: External Std, Area
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
Conc
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3. RESULTS AND DISCUSSION 
3.1 Method Optimization Results 
The 6x6 method optimization approach probes four different variables: 
trap column retention strength, loading pH, elution pH and elution solvent (Figure 
1, Appendix A). Three reverse-phase trap column chemistries were evaluated C8, 
C18, and HLB with their relative retention strength increasing from low to high 
retention respectively. Loading pH (3, 7, 10) is important as it will influence the 
ionic (+/-) or neutral state in which the analyte(s) of interest will be at the time the 
first dimension is reached. This will in turn influence the interaction between the 
analyte(s) and the first dimension chemistry (C8, C18, and HLB), which can 
ultimately lead to influences in retention strength of the first dimension. Similarly, 
the elution pH (3, 10) will influence elution strength as well as the ionic state in 
which the analyte(s) will be when the MS is reached. The elution strength of two 
different solvents, methanol and acetonitrile, were probed as part of the 6x6 
method optimization.  
The chromatograms of MC-LR, MC-YR and MC-RR and IS Nodularin 
were inspected for each method and the peak shape and relative signal intensity 
were recorded. A tailing, fronting, or split peak were designated as yellow (Figure 
9B). If no peak was observed or if the noise engulfed the peak of interest (a 
“blob”), or the peaks were too broad and distorted these were designated as red 
(Figure 9C). Finally if the peak demonstrated a Gaussian shape and exhibited a 
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relative intensity of e5 or above, the peak was designated as green (Figure 9A). 
The results for each method were then tabulated including the color assignment 
and relative peak intensity for each MC (Appendix A, Figure 2).  
A  
B  
Time 
4.50 5.00 5.50 
%
 
0 
100 
4: MRM of 2 Channels ES+  
TIC (Microcystin YR) 
1.21e7 4.51 
Method 14  
Gaussian 
Time 
5.00 5.50 6.00 6.50 7.00 7.50 8.00 
%
 
0 
4: MRM of 2 Channels ES+  
TIC (Microcystin YR) 
4.49e6 5.61 
Method 36  
Tailing 
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C  
Figure 9. Representative Peak Shape and Chromatography Designations. A: 
Gaussian peak at expected retention time, designated green. B: Tailing peak, 
designated yellow. C: Very low signal amongst broad noise “blob”. 
 
Each method was then tabulated and compared against one another. 
Methods that had green assignments for all three MCs (and IS nodularin) 
received a score of four and maintained a green assignment. Methods that only 
had one, two or three green assignments received a score of one, two or three 
respectively and were assigned blue. Methods that did not have any green 
assignments were deleted from the final tabulation (Table 5). 
 
 
 
 
 
Time 
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Method 24  
Blob 
 25 
Table 5. Final Tabulation of Method Scores 
 
As it can be seen in Table 5, 28 methods out of the 36 permutations 
scored green, two scored blue, and six were deleted. From the 28 suitable 
methods, the intensities each were compared against each other. Method 14 
Score 
ACN	pH	3 MeOH ACN	 MeOH ACN	 MeOH ACN	 MeOH ACN	 
1-	C8	pH	3 e7 e6 e5 e5 e6 e6 e6 e5 4 
2-	C18	pH	3 e7 e6 e6 e5 e6 e6 e7 e6 4 
3-	HLB	pH	3 e7 e6 e5 e5 e6 e6 e6 e5 4 
4-	C8	pH	7 e7 e6 e5 e5 e6 e5 e6 e5 4 
5-	C18	pH	7 e7 e6 e6 e5 e6 e6 e7 e6 4 
6-	HLB	pH	7 e7 e6 e5 e5 e6 e5 e6 e5 4 
7-	C8	pH	10 e6 mp e5 e5 e5 e6 e5 e6 e5 4 
8-	C18	pH	10 e7 mp e5 e6 e5 e6 e6 e7 e6 4 
9-	HLB	pH	10 e6 mp e5 e5 e5 e6 e5 3 
ACN	pH	10 
10-	C8	pH	3 e7 e7 e6 e5 e6 e6 e7 e5 4 
11-	C18	pH	3 e7 e7 e6 e6 e7 e6 e7 e6 4 
12-	HLB	pH	3 e7 e7 e6 e6 e6 e6 e7 e6 4 
13-	C8	pH	7 e7 e7 e6 e6 e6 e6 e7 e6 4 
14-	C18	pH	7 e7 e7 e6 e6 e7 e7 e7 e6 4 
15-	HLB	pH	7 e7 mp e6 e6 e6 e6 e6 e7 e6 4 
16-	C8	pH	10 e7 e6  e6 e6 e7  e6 e7 e7 4 
17-	C18	pH	10 e7 e6  e6 e6 e6 e6 e7 e6 4 
18-	HLB	pH	10 e7 mp e6 e6 e6 e6 e6 e7 e6 4 
MeOH	pH	3 
19-	C8	pH	3 e6 e6 e5 e5 e5 e5 e6 e5 4 
20-	C18	pH	3 e7 e7 e5 e5 e6 e5 e7 e6 4 
21-	HLB	pH	3 
22-	C8	pH	7 e5 e5 1 
23-	C18	pH	7 e7 e7 e5 e5 e6 e6 e7 e6 4 
24-	HLB	pH	7 
25-	C8	pH	10 e7 mp e6 e5 e5 e6 e6 e7 e5 4 
26-	C18	pH	10 e7 e7 e5 e5 e6 e6 e7 e6 4 
27-	HLB	pH	10 
MeOH	pH	10 
28-	C8	pH	3 e7 e7 e6 e5 e6 e6 e7 e6 4 
29-	C18	pH	3 e7 e7 e5 e5 e6 e6 e7 e6 4 
30-	HLB	pH	3 
31-	C8	pH	7 e7 e7 e6 e5 e7 e6 e7 e6 4 
32-	C18	pH	7 e7 e7 e5 e5 e6 e5 e7 e6 4 
33-	HLB	pH	7 
34-	C8	pH	10 e7 mp e6 e6 e6 e6 e6 e7 e6 4 
35-	C18	pH	10 e7  e6 e5 e5 e6 e5 e7 e6 4 
36-	HLB	pH	10 
Microcystin	RR Microcystin	LR Microcystin	YR Nodularin 
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exhibited the highest intensities amongst the suitable methods, though it should 
be noted that several methods had similar relative intensity strength, method 14 
was chosen for the subsequent analysis of MCs. 
3.2 Solvent Conditions and Solubility Results 
During method development and optimization, signal intensity 
discrepancies were observed when analyzing acetonitrile standards. Signal 
intensities of MCs in acetonitrile were significantly lower than those of MCs in 
methanol and water. This behavior was unexpected since water will typically 
suffer from reduced signal intensity due to adsorption and non-specific binding 
(NSB) of the polar moieties in target analytes to glass vials. However, signal 
intensity decrease was observed more markedly in acetonitrile standards (Figure 
10). 
        
5 ppb Water Std 
      
5 ppb Methanol Std 
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  A                                      5 ppb Acetonitrile Std                                          B 
 
Figure 10. Comparison of Injected 5 ppb Standards. A: Comparison of methanol, 
acetonitrile and water 5 ppb injected standards for MC-LR. B: Comparison of water, 
methanol and acetonitrile 5 ppb injected standards for MC-RR. Std = standard 
 
These results led to further literature research on the effects of solvent 
conditions on the analysis of MCs by LC. Hyenstrand et al. depicts a trend 
wherein the percent composition of acetonitrile vs. concentration of MC-LR 
(determined by HPLC-PDA) exhibits a parabolic trend where concentration 
dramatically decreases between 80-100% ACN composition (%, v/v). Methanol 
on the other does not seem to have the same effect on concentration 
determination as % composition increases (Figure 11) (21).  
 
Figure 11. Effect of organic % (v/v) on the concentration of dissolved microcystin-
LR determined by HPLC-PDA analysis (21). (a) Methanol (B) Acetonitrile 
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In order to probe this further, plots of various organic solvent % 
composition solutions (25%, 50%, 75%, 100%, v/v) vs. area count of the peak 
acquired were created. This was done for acetonitrile (Figure 12), methanol and 
acetone at pH values of 3, 7 and 10 (Appendix B, Figures 1-2). Each solution 
was spiked at 5 ppb with the 1 ppm MC-mix stock solution and analyzed with 
method 14. The results obtained followed a similar trend of that observed by 
Hyenstrand et al. where low (25%) and high (100%) acetonitrile composition 
decreased area count (Figure 12). Additionally, methanol also followed a similar 
trend in whereas % composition of methanol increased, area count increased as 
well (Appendix B, Figure 1). Finally, acetone exhibited a similar trend as 
acetonitrile, however 25% composition of acetone did not decrease the area 
count as much as acetonitrile (Appendix B, Figure 2). 
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B  
C  
Figure 12. Organic Solvent Composition vs. Area Count. A: Acetonitrile at pH 3 B: 
Acetonitrile at pH 7 C: Acetonitrile at pH 10 
 
 These results demonstrated the meaningful impact of 100% acetonitrile 
composition on area count. Therefore, the making of spiking standard solutions 
in 100% acetonitrile was a concern due to this effect. Thus a second set of 
spiking standard solutions in 100% methanol were made in order to account for 
this effect. All extraction experiments and calibration curves were made from MC 
standard solutions made with methanol.  
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3.3 Heart-Cut Extraction Results 
The results from the serial SPE experiments were tabulated (Table 6) in 
order to identify the ideal “cuts”, i.e. which organic solvent, at which organic % 
composition, and at which pH is a wash step most suitable. Similarly organic % 
composition, organic solvent and pH had to be determined for the elution step so 
that maximum recovery can be achieved while diminishing the amount of 
interferences eluted along with the MCs. When the elution profiles for low pH and 
high pH are compared, MC-RR eluted over the 40% to 70% methanol fractions 
under low pH and over the 50% to 70% under high pH conditions.  MC-LR and 
MC-YR however, eluted at a higher organic solvent % under low pH conditions, 
and at a lower organic solvent % under high pH conditions for all solvents, 
indicating that the acidic moieties of MC-LR and MC-YR structures have stronger 
retention onto the HLB sorbent. Due to the previously discussed effect of organic 
solvent composition of acetonitrile and acetone on the area count of MCs, 
methanol was chosen to be the optimum wash and elution solvent. In order to 
incorporate all three MCs into the same SPE “heart-cut” method, wash 1 and 
wash 2 were chosen to be 30% methanol at low and high pH values, while the 
elution was chosen to be 70% methanol at high pH (Table 6). 
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Table 6. Serial SPE for Acetonitrile, Methanol and Acetone. Dark blue boxes: Wash 
1 = 30% Methanol pH 3. Wash 2 = 30% Methanol pH 10. Green boxes: Elution = 70% 
Methanol pH 10 
 
  
3.3.1 Water, Urine and Plasma Extractions 
The chosen SPE heart-cut was then utilized to extract water, urine and 
plasma samples spiked at 5 ppb. Plasma injections were first done without any 
pretreatment to the plasma besides centrifugation at 3900 rpms for 15 mins, as 
was done for urine. The 5 ppb MC-mix spiked plasma and urine samples were 
loaded onto the HLB cartridge directly after centrifugation and extracted per the 
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
RR pH 3 0.11 0.23 16.86 64.69 14.65 1.59 0.83 0.45 0.31 0.20 0.08
ACN pH 7 0.07 0.12 0.13 0.16 0.28 21.14 61.17 14.39 1.61 0.56 0.38
pH 10 0.09 0.37 15.17 76.88 5.72 0.64 0.39 0.28 0.21 0.23 0.02
pH 3 1.76 0.70 0.35 0.24 7.62 24.23 52.42 10.03 1.50 0.72 0.43
MeOH pH 7 0.20 0.21 0.23 0.15 0.18 15.83 69.98 11.65 0.83 0.34 0.39
pH 10 0.08 0.09 0.07 0.07 0.14 11.22 64.99 20.12 2.03 0.67 0.53
pH 3 0.05 0.21 5.39 66.69 18.85 3.32 1.59 1.20 1.04 0.92 0.73
Acetone pH 7 0.02 0.23 11.74 70.21 13.22 2.37 0.91 0.25 0.26 0.41 0.37
pH 10 0.10 3.28 6.28 76.83 8.42 3.47 0.67 0.32 0.12 0.44 0.07
LR pH 3 0.28 0.24 0.44 59.39 34.14 3.57 0.63 0.30 0.34 0.33 0.34
ACN pH 7 0.35 0.85 4.53 13.25 8.05 15.34 32.21 21.22 2.99 0.65 0.55
pH 10 0.45 1.21 88.17 7.97 0.85 0.50 0.15 0.28 0.21 0.19 0.02
pH 3 5.01 0.32 0.24 0.20 0.29 0.41 44.55 40.80 6.41 1.11 0.65
MeOH pH 7 0.04 0.96 10.80 8.72 6.63 9.91 44.31 16.35 1.38 0.38 0.52
pH 10 0.05 0.12 0.06 0.39 19.43 61.19 17.24 1.03 0.20 0.10 0.19
pH 3 0.15 0.09 0.07 5.05 79.15 14.40 0.10 0.19 0.21 0.34 0.23
Acetone pH 7 0.06 51.04 32.64 11.79 2.97 1.02 0.27 0.15 0.02 0.03 0.03
pH 10 0.27 15.16 57.77 25.54 1.06 0.10 0.01 0.01 0.01 0.04 0.02
YR pH 3 0.28 0.32 0.44 50.39 41.14 5.07 0.92 0.45 0.36 0.31 0.34
ACN pH 7 0.33 0.42 2.91 11.04 7.75 14.95 31.56 25.17 4.39 0.91 0.58
pH 10 0.60 7.07 84.28 5.99 0.71 0.57 0.20 0.15 0.15 0.19 0.09
pH 3 2.47 0.23 0.24 0.17 0.32 0.34 39.32 46.39 8.61 1.22 0.69
MeOH pH 7 7.62 0.70 0.35 0.24 1.76 24.23 52.42 10.03 1.50 0.72 0.43
pH 10 0.11 0.11 0.16 3.26 33.90 49.30 11.85 0.77 0.23 0.13 0.17
pH 3 0.06 0.06 0.08 3.69 74.40 18.92 1.66 0.51 0.19 0.22 0.19
Acetone pH 7 0.01 46.13 28.25 17.94 5.41 1.71 0.45 0.02 0.04 0.02 0.03
pH 10 0.18 31.29 60.93 7.12 0.36 0.02 0.01 0.01 0.02 0.04 0.01
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optimized extraction method. The extraction of water and urine samples yielded 
Gaussian peaks with a clean baseline clear of impurities. However, the 
chromatography obtained from loading plasma directly without any pretreatment 
(Figure 13B) was not as clean as that of urine (Figure 13A) and water  
(Figure 13 C). Therefore, it was decided that additional pre-treatment of plasma 
samples would be necessary to obtain acceptable chromatography results.  
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C  
Figure 13. Chromatograms of Urine, Plasma and Water Extracts. A: Urine Extact. 
B: Plasma Extract. C: Water Extract. 
  
A protein precipitation (PPT) step was added prior to SPE. Three different 
plasma samples were subjected to PPT with 3 parts (6 mL) acetonitrile and 1 
part (2 mL) spiked plasma sample. One sample was pretreated with 2% 
phosphoric acid, one with 2% ammonium hydroxide, and one contained no 
additive. All three samples were subjected to centrifugation at 3900 rpms for 10 
min, and then diluted with 92 mL of water. An adaptor was attached to the SPE 
HLB cartridges to be able to achieve a larger volume load. SPE protocol followed 
by 2D-LC analysis was done as previously stated. The results indicated that by 
incorporating a PPT step for plasma into the developed SPE protocol, plasma 
extraction was successful and the chromatography produced Gaussian peaks 
Time
3.00 4.00 5.00 6.00 7.00
%
0
100
3.00 4.00 5.00 6.00 7.00
%
0
100
3.00 4.00 5.00 6.00 7.00
%
0
100
5: MRM of 2 Channels ES+ 
TIC (Microcystin YR)
6.59e6
4.56
4: MRM of 2 Channels ES+ 
TIC (Microcystin LR)
8.77e6
4.64
2: MRM of 2 Channels ES+ 
TIC (Microcystin RR)
5.60e7
5.02
 34 
with a clean baseline (Figure 14). The best results of plasma extraction were 
obtained when there was no additive present (Figure 14A), thus a simple PPT 
step added onto the sample preparation workflow is enough to significantly 
improve chromatography.  
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C  
Figure 14. Chromatograms of PPT Plasma Extracts. A: PPT no additive. B: PPT 
2% Phosphoric acid C: PPT 2% Ammonium hydroxide. 
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5. CONCLUSIONS 
Cyanotoxins have become a more persistent global issue in recent years. 
Toxicity of these cyanotoxins is quite high, and the widespread reach of the 
contamination of HABs have made cyanotoxins not only an environmental issue, 
but a human health issue. Analysis of cyanotoxins microcystin-LR, microcystin-
RR and microcystin-YR (with internal standard Nodularin) was successfully 
performed in biological fluids: urine and plasma by trap and elute 2D-LC with at 
column dilution MS/MS technology. Precursor and product ions were obtained for 
each MC and two ions, a quantitative and a qualitative ion were chosen. Method 
development was performed on the MCs, where several parameters were varied 
to obtain 36 different methods that were screened for the analysis of MCs. 
Method 14 was chosen as the best method for MCs, and was used for all 
subsequent chromatographic analysis.  
Solubility studies were performed due to diminished signal when injecting 
MCs in acetonitrile standards. Thus, it was found that MCs have variable and low 
solubility at low and high acetonitrile % composition. Thus methanol was chosen 
as the elution solvent to be used for SPE. Heart-Cut SPE methodology was 
utilized by varying elution polarity, pH and organic solvent. A final heart-cut SPE 
method was optimized where wash 1 and wash 2 are 30% methanol solutions at 
pH 3 and pH 10; followed by an elution solvent composed of 70% methanol at pH 
10. Calibration curves were performed in the elution solvent as well as with water 
and urine extracts to confirm the validity of the method. The extraction protocol 
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was then applied to extract water, urine and plasma samples resulting in clean 
chromatography with Gaussian peak shapes. Plasma extractions were found to 
benefit from a PPT step added prior to SPE.  
By utilizing at column dilution trap and elute 2D technology, enrichment of 
samples on the trap column and subsequent elution allowed for injection of 100% 
organic solvent samples (obtained directly from SPE), thus eliminating long 
evaporation times and evaporative/re-dissolution losses. This technique is 
particularly advantageous for forensic toxicology, as a large majority of 
extractions are done via SPE where the final extracts reside in a 100% or high % 
of organic solvent. Moreover, MCs were successfully analyzed in human 
biological fluids by LC-MS/MS. The 2D LC aspect of this technique allowed for 
mitigation of the complexity of biological matrices.  
5.1 Future Directions 
Future directions for this research include recovery and carryover studies 
as well as addition of tissue and/or other biological fluids.  
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APPENDIX A:  Method Optimization Results 
Figure A1. Method Permutations Varying pH, Polarity and Trap Column 
Chemistries 
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Table A1. Final Tabulation of LC Method Optimization Results. mp = multiple peaks 
 
METHOD 1 2 3 4 5 6 7 8 9
RR (H2O) e6 e6 e6 e5 e5 e6 e6 e6 mp e6
RR (MeOH) e7 e7 e7 e7 e7 e7 e6 e7 e6
RR (ACN) e6 e6 e6 e6 e6 e6 mp e5 mp e5 mp e5
LR (H2O) e4 e5 e4 e4 e4 e4 e5 e5 e5
LR (MeOH) e5 e6 e5 e5 e6 e5 e5 e6 e5
LR (ACN) e5 e5 e5 e5 e5 e5 e5 e5 e5
YR (H2O) e5 e5 e5 blob mp e4 blob e6 e6 tail
YR (MeOH) e6 e6 e6 e6 e6 e6 e6 e6 tail 
YR (ACN) e6 e6 e6 e5 e6 e5 e5 e6 tail
Nodularin (H2O) e5 e6 e5 e4 e6 e4 e5 e6 e5
Nodularin (MeOH) e6 e7 e6 e6 e7 e6 e6 e7 e6
Nodularin (ACN) e5 e6 e5 e5 e6 e5 e5 e6 e5
METHOD 19 20 21 22 23 24 25 26 27
RR (H2O) e6 e6 tail e5 e6 tail e6 e6 tail
RR (MeOH) e6 e7 tail e5 e7 tail e7 e7 tail
RR (ACN) e6 e7 tail e5 e7 tail mp e6 e7 tail
LR (H2O) mp e4 mp e4 mp e4 blob mp e4 blob e5 e5 tail
LR (MeOH) e5 e5 tail blob e5 blob e5 e5 tail
LR (ACN) e5 e5 tail blob e5 blob e5 e5 tail
YR (H2O) e4 mp e4 tail mp e4 mp e4 mp e4 e6 e6 tail
YR (MeOH) e5 e6 tail mp e4 e6 blob e6 e6 blob
YR (ACN) e5 e5 tail mp e4 e6 blob e6 e6 blob
Nodularin (H2O) e5 e6 tail blob e6 e4 e5 e7 tail
Nodularin (MeOH) e6 e7 tail mp e4 e7 blob e7 e7 tail
Nodularin (ACN) e5 e6 tail mp e4 e6 blob e5 e6 blob
METHOD 10 11 12 13 14 15 16 17 18
RR (H2O) e6 e6 e6 e6 e6 mp e6 e7 e7 e7
RR (MeOH) e7 e7 e7 e7 e7 e7 e7 e7 e7
RR (ACN) e7 e7 e7 e7 e7 mp e6 e6 e6 mp e6
LR (H2O) e4 e5 e5 e4 e4 e4 e6 e6 e6
LR (MeOH) e6 e6 e6 e6 e6 e6 e6 e6 e6
LR (ACN) e5 e6 e6 e6 e6 e6 e6 e6 e6
YR (H2O) e5 e6 e5 e4 e5 e5 e6 e6 e6
YR (MeOH) e6 e7 e6 e6 e7 e6 e7 e6 e6
YR (ACN) e6 e6 e6 e6 e7 e6 e6 e6 e6
Nodularin (H2O) e5 e7 e5 e5 e6 e5 e7 e7 e6
Nodularin (MeOH) e7 e7 e7 e7 e7 e7 e7 e7 e7
Nodularin (ACN) e5 e6 e6 e6 e6 e6 e7 e6 e6
METHOD 28 29 30 31 32 33 34 35 36
RR (H2O) e6 e6 tail e6 e5 tail e7 e6 tail
RR (MeOH) e7 e7 tail e7 e7 tail e7 e7 tail
RR (ACN) e7 e7 tail e7 e7 tail mp e6  e6 mp tail
LR (H2O) e4 e4 tail e4 e4 tail e6 e5 tail
LR (MeOH) e6 e5 tail e6 e5 tail e6 e5 tail
LR (ACN) e5 e5 tail e5 e5 tail e6 e5 mp tail
YR (H2O) e5 e5 tail e5 e4 tail e6 e6 tail
YR (MeOH) e6 e6 tail e7 e6 tail e6 e6 tail
YR (ACN) e6 e6 tail e6 e5 tail e6 e5 tail
Nodularin (H2O) e6 e6 tail e5 e6 tail e6 e7 tail
Nodularin (MeOH) e7 e7 tail e7 e7 tail e7 e7 tail
Nodularin (ACN) e6 e6 tail e6 e6 tail e6 e6 tail
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APPENDIX B: Solubility Charts 
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C  
 
Figure B1. Organic Solvent Composition vs. Area Count. A: Methanol at pH 3 B: 
Methanol at pH 7 C: Methanol at pH 10 
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B  
 
C  
 
Figure B2. Organic Solvent Composition vs. Area Count. A: Acetone at pH 3 B: 
Acetone at pH 7 C: Acetone at pH 10 
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APPENDIX C: Calibration Curve Data 
 
Figure C1. Elution Solvent Calibration Curve for MC-RR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9988. IS = Nodularin 
 
 
Compound name: microcystin RR
Coefficient of Determination: R^2 = 0.998761 
Calibration curve: -0.00799823 * x^ 2 + 0.331464 * x + 0.000260374
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure C2. Elution Solvent Calibration Curve for MC-YR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9996. IS = Nodularin 
 
Compound name: Microcystin YR
Coefficient of Determination: R^2 = 0.999652 
Calibration curve: -0.000751189 * x^ 2 + 0.0314387 * x + 9.58309e-005
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure C3. Water Extracted Calibration Curve for MC-RR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9983. IS = Nodularin 
Compound name: microcystin RR
Coefficient of Determination: R^2 = 0.998277 
Calibration curve: -0.00102336 * x^ 2 + 0.269228 * x + 0.00224559
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure C4. Extracted Water Calibration Curve for MC-YR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9987. IS = Nodularin 
 
Compound name: Microcystin YR
Coefficient of Determination: R^2 = 0.998675 
Calibration curve: 0.000152175 * x^ 2 + 0.0235604 * x + 0.000166928
Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure C5. Extracted Urine Calibration Curve for MC-RR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9993.  
 
Compound name: microcystin RR
Coefficient of Determination: R^2 = 0.999318 
Calibration curve: 15.6599 * x^ 2 + 31254 * x + 1173.88
Response type: External Std, Area
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Figure C6. Extracted Urine Calibration Curve for MC-YR. Quadratic Regression 
Curve. Weight 1/x. R2=0.9981.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound name: Microcystin YR
Coefficient of Determination: R^2 = 0.998072 
Calibration curve: -150.049 * x^ 2 + 10970.8 * x + 300.628
Response type: External Std, Area
Curve type: 2nd Order, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Table C1. Elution Solvent Calibrators and % Deviations. 
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Table C2. Extracted Water Calibrators and % Deviations. 
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Table C3. Extracted Urine Calibrators and % Deviations.  
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